In order to explore the effects of ground shaking on buried lifelines new experiments were devised. Single gravity model shaking table experiments were developed and conducted to examine the response of instrumented pipes buried in dry sand when subjected to shaking. This study was aimed to obtain a better understanding of the behavior of embedded lifelines by considering the effects of geometrical complications. Since, such structures may be close to underground concrete walls of adjacent buildings in an urban environment, the influence of nearby concrete structure was also investigated. Details of the experimental setup and procedures are first explained. Then, test data are discussed in terms of longitudinal bending moment and soil pressure distribution of model structures as well as P-Y curves.
INTRODUCTION
Containing different types of utilities, embedded lifeline structures are very important for recovery of metropolises after earthquakes as the main part of modern cities infrastructure. Safety of such structural systems, when exposed to seismicity, is essential to ensure the serviceability of the associated operational facilities.
Observations from seismic performance of underground structures during several major earthquakes are summarized by Hashash et al. It is inferred that if seismic loading has not been considered in the design, the underground facility might be damaged during earthquake event 1) . Traditionally the mountain tunnels are considered to be safe during shaking because the rock mass around a tunnel is rigid enough to protect the shape of the tunnel; however, tunnels in soft soil/rock are vulnerable to the ground motion 2) . In the 1995 Hyogoken-Nambu earthquake almost all the nearby utility tunnels suffered from various types of damage 3) . As an example, a major collapse of the Daikai subway station in Kobe, Japan, caused by this earthquake is investigated in several documents 4) . Soil-structure interaction is a crucial issue in determining tunnel response to earthquakes because the pipe is completely surrounded by soil. Hence, pipe conformance to ground deformation caused by propagating seismic waves is more important than the loading from inertia of the pipe 5) . Experiments were performed on scaled lifeline models to investigate the response of lifelines with straight, elbow and T branch connections under input cyclic excitation. Effects of nearby concrete mass on tunnels are also evaluated in a series of shaking table tests. The buried plastic pipes were instrumented to quantify their response to the imposed static and dynamic loads.
EXPERIMENTAL SET-UP
Two series of shaking table tests were performed on scaled models in order to evaluate the performance of complicated tunnels under earthquake excitation. The experimental setup is described in the following section consisting of details such as the properties of the soil, scaled structural model, sensor arrangement and test procedure.
(1) Model ground
The soil box used in the tests is a container with overall dimensions of 2.00 m long (x), 2.00 m wide (y) and 0.60 m high (z). Shock absorbers were placed on the walls of the box to reduce the wave reflection. The model ground was made by Toyoura sand. Table  1 summarizes the properties of Toyoura sand including specific gravity, minimum & maximum void ratios and mean particle size. Four layers of the soil were compacted uniformly to achieve the relative density of 70%.
(2) Model structures
The tunnel models were made of several PE (Polyethylene) pipes with the length of 0.5 m. The outer diameter of tunnel is 0.042 m and the thickness is 0.0039 m. Since the PE pipe is flexible and can absorb ground deformation, it is suitable for modeling the lifelines that may be made of many segments and include flexible joints. Moreover, PE connections were used to join the tunnel models. Connection parts include three types: straight (with the angle of 180º), elbow (with the angle of 90º) and T branch. PE pipes were connected to the joint by electric fusion method; so, perfect connections with the same quality were provided for different tests. The tunnel units and connections are displayed in Figure 1 .
A procedure for simulation of soil-structure-fluid system in shaking table tests is proposed by Iai 6) . The structure models were constructed with a geometrical scale of 1:30. Different features of prototype such as flexural rigidity, loading frequency, etc. were scaled for conducting the model experiments. The similarity laws of the tests are summarized in Table 2 .
(3) Concrete structure
A concrete mass was positioned on the bottom of soil box in a series of the tests. The heavy concrete structure with dimensions of 0.48m*0.48m*0.50m was designed and placed near the PE pipes models. This was aimed to evaluate the seismic response of the part of buried structures located closely in front of the underground walls. Also, coarse sandpaper cover was used on the floor of container (under concrete mass) to improve the friction.
(4) Instrumentation
Two series of accelerometers were installed inside the soil box in different locations to measure the acceleration of X and Y directions of shaking. Many strain gauges were attached on the tunnels to record longitudinal bending moment. Being installed opposite to each other, strain gauges measure the bending strain. The output data was converted to bending moment by means of the calibration factors. Positions of strain gauges are shown in Figure 2. 
EXPERIMENTAL PROGRAM: 1-G SHAKING TABLE TESTS (1) Model configurations
Totally six experiments were conducted including models of straight, elbow and T branch connection structures with or without adjacent concrete mass. Several tunnels of 0.5 meter long were welded to various types of connections to form different model structures. It should be noted that this study concentrates on the behavior of the tunnels near the connections where the tunnels join each other. In order to exclude the effects of parameters that are out of scope of this study, the other ends of tunnels were set to be free with clearance from the container walls. Noteworthy is that the input motion was applied in two directions separately, except for the straight case (only one shaking direction) which does not have an angle. X and Y directions of shaking are defined as East-West and North-South motions respectively.
(2) Loading A sine wave with maximum amplitude of 700 Gal was used as the input excitation of the tests. The input acceleration had a taper shape, the frequency of 13 Hz and the duration of 9 seconds.
TEST RESULTS
As mentioned before, all the models were instrumented with various sensors such as accelerometers and strain gauges.
In this section, some primary output data from the test of model with straight connection and without concrete are presented.
(1) Acceleration
In Figure 4 , an example of acceleration time histories recorded at the model structure level in the center of soil box is demonstrated (AC09).
This time history displays the shape of input motion that was described before. The acceleration data is then, used in the calculation of soil pressure on the pipes.
(2) Bending moment
During the shaking, bending moment (BM) time history of every gauge pair on tunnel was recorded. An example of bending moment time history from sensor "1" of tunnel "D" is depicted in Figure 5 .
The maximum absolute value of each time history is found and plotted versus distance from the connection for further study in the following section.
DATA PROCESSING
In the first experiment, two tunnels were welded together with a straight connection. This model (made of tunnels C and D) was designated for the evaluation of the behavior of lifelines with straight connection. . In order to assess the behavior of the tunnels with angle, in the second case, tunnels E and F were used with 90º connection while in the third case tunnels G, H and I were welded to T branch joint. As mentioned before, all the cases were examined with or without concrete mass. (1) X direction of shaking Figure 6 shows the schematic plan views of the model experiments as the reference for discussion on bending moment and soil pressure of tunnels while shaking is applied in X direction.
The maximum bending moment distribution along tunnels of different experiments in case of X shaking direction is illustrated in Figure 7 .
Considered tunnels have the same position in the soil container and their axes are perpendicular to shaking direction. Among the tunnels of each model structure the tunnels which are considered in this figure are shown within parentheses. Hollow signs and dashed lines are related to the cases which include the concrete mass.
As can be seen, the maximum bending moment distribution of tunnels includes either one or two peaks. The maximum bending moment values increase due to the presence of concrete box (higher soil pressure as will be discussed later) in cases of 90º and T branch models. The bending moment of 180º model was not affected by concrete so much probably due to its straight geometry (without any constraint made by a tunnel with angle). Discussion will be followed by the study of soil pressure on tunnels to provide a more complete description of the complicated soil-structure interaction behavior.
In order to calculate the second derivatives of bending moment data i.e. the load on the tunnels, the finite difference method was used. Then, the time histories of soil pressure (SP) were obtained after added mass correction. Finally, the maximum of soil pressure time histories were found and plotted versus distance from the connection. Figure 8 shows the maximum soil pressure distribution along tunnels of different experiments (with the same position in the soil container) while shaking is in X direction. Dashed lines and hollow signs are related to the cases which include the concrete mass.
The soil pressure pattern of T branch and elbow (90º) cases are similar in cases with concrete mass and different values may be due to different joint geometry and mass; however, the exact details are unknown. In addition, lower soil pressure observed near the connection and free end compared to the middle of the tunnel, suggests that two ends are moving together with the surrounding soil.
Additionally, among the models adjacent to concrete mass the straight model has a different mechanism from the angle cases. This may be due to stiff straight joint that can cause the relocation of the center of rotation from middle of the model toward tunnel "D". Probably the stiff connection reduces the deformation at the middle of the pipe and the exerted force does not change along the connection. Arrows in Figure 9 show a simple assumption of load applied on the straight models schematically. Moreover, in the straight connection case because of the absence of a tunnel that makes the angle, there is no rotation constraint in the middle of tunnel. Acceleration time history of the concrete recorded by "AC22" and that of the ground between concrete and straight pipe (AC32) are provided in Figure 10 .
As can be observed, the acceleration amplitude of concrete mass is greater than that of the nearby ground. This shows that the heavy concrete structure applied lateral force to the adjacent soil and consequently the pipe.
(2) Y direction of shaking Figure 11 displays the schematic plan views of the tests that were shaken in Y direction.
Maximum bending moment and soil pressure distributions along the tunnels with perpendicular axes to Y direction of shaking are depicted in Figures 12  and 13 , respectively. The peak of bending moment is close to connection. In case of T joint with concrete, bending moment is high near the free end perhaps due to its soil pressure distribution with a peak near the connection.
The peaks of soil pressure distribution occur close to connection in case of T joint and in the middle of the tunnel in case of 90º joint. This can be observed mainly in cases with concrete where the applied soil pressure is more significant and the responses of different types of models are revealed more clearly. On the other hand, SP is higher in case of T joint. These are probably because of the T branch connection geometry effect, namely, the extra tunnel "G" that resists against the connection rotation.
The effective mechanisms on cyclic deformation behavior of 90⁰ and T branch connections are:
( (3) Soil-structure interaction An appropriate method to explore the soil structure interaction behavior of laterally loaded underground structures is P-Y analysis. P-Y curves relate the force applied to soil to its lateral deflection. Springs with stiffness of "K" are assumed to be attached to the tunnel in place of the soil.
"P" is the soil pressure on the pipe and "Y" consists of two components: (a) Relative deformation of the pipe to connection (calculated by two times integration of bending moment curves at every moment) and (b) Relative deformation of connection to the soil container.
Due to the boundary condition assumption of integration for the calculation of the first part of "Y", it is necessary that the connection part does not rotate. Some models were excluded in the dynamic P-Y curves study since asymmetric geometry and presence of concrete structure may lead to significant joint rotation. The selected cases for investigation include: straight and T branch connection tests. Figure 15 (a) illustrates an example of P-Y curves. This figure is related to tunnel G and the loops were obtained at 13.8 cm from the connection while model was shaken in X direction. In order to study the cyclic deformation of the tunnels in details, a P-Y loop is picked from many curves plotted for each of strain gauge positions starting at t = 4 s. This time is within the main part of input motion.
As shown in Figure 15 (b) , dashed line presents the slope/stiffness of the curve or subgrade reaction modulus i.e. "K". The thick line with a circle on the curve shows the end part of the loop as well as its clockwise rotation. Figure 16 provides the plan views of the considered tests for reference. P-Y curve slope (K = subgrade reaction modulus) versus soil shear strain amplitude (γ) is illustrated in Figure 17 . Considering the data of tunnels "C & D" and "H & G", it can be inferred that T branch model has lower "γ" (and more or less higher "K") compared to the model with straight joint. Actually, in case of T branch model, higher joint mass and presence of an extra tunnel reduce the strains in contrast with the model that includes straight joint.
CONCLUSIONS
Shaking table experiments were performed on model lifelines, instrumented with strain gauges, under single-gravity conditions to study the effects of geometrical complications as well as adjacent concrete structure. The major conclusions drawn from this study are as follows.
(1) Concrete mass effect
The bending moment of tunnels increases due to nearby concrete structure movement. The soil pressure increases specially on a part of tunnels which is in front of the concrete wall except for T branch model when it is exposed to Y direction of shaking.
(2) X direction of shaking a) Without concrete
Mostly, the maximum soil pressure distribution along the tunnels is more or less similar in different models.
b) With concrete
Change of maximum soil pressure value and pattern along the tunnels is associated with higher and asymmetric strains caused by concrete mass lateral motion.
(3) Y direction of shaking
The peaks of soil pressure distribution occur close to the connection (T joint) and middle of the tunnel (90º joint). Soil pressure is higher in case of T branch joint. These may be due to different joint geometry that results in supportive effect and additional friction of the extra tunnel as well as heavier and more stable connection of T branch model compared to 90º joint.
(4) Soil-structure interaction
Two tunnels of T branch (with 180º angle in between) show lower "γ" and higher "K" in contrast to straight model. It is due to lower displacement (Y) of T branch model caused by its higher weight and also different geometry i.e. presence of an extra tunnel.
